Abstract. Schizophrenia is a debilitating and complex mental disorder with a prevalence of approximately 1% worldwide. The etiology remains unclear, despite massive research efforts. Hyperactive dopaminergic signal transduction in the central nervous system is suggested to be involved in the pathophysiology of schizophrenia (the dopamine hypothesis). The dopamine D 2 -receptor (DRD2) gene is thus a promising candidate for associations with risk of schizophrenia. We investigated DRD2 and found a novel missense nucleotide change causing an amino acid substitution of serine with cysteine at codon 311 (Ser311Cys). We performed an association study using 156 schizophrenia patients and 300 controls. Cys311 in DRD2 was significantly associated with schizophrenia. Patients with the Cys311 allele displayed shorter duration of hospitalization and less severe negative symptoms and were more frequently married compared to patients without this allele, suggesting good response to treatment. We expanded samples to 291 patients with schizophrenia (including 11 postmortem brain samples), 579 controls, and 78 patients with affective disorders in a further case-control study. Cys311 was associated with schizophrenia, particularly in patients without negative symptoms, and bipolar disorder with mood-incongruent psychotic symptoms. Three meta-analyses using over 20 published studies confirmed the association. In vitro studies showed that Cys311-type D 2 receptor impairs dopamine-induced sequestration, which appears to be consistent with the dopamine hypothesis.
Introduction
Schizophrenia is a debilitating and complex mental disorder with a prevalence of approximately 1% worldwide. The etiology remains unclear, despite massive research efforts (1, 2) . Hyperactive dopaminergic signal transduction in the central nervous system has been suggested to be involved in the pathophysiology of schizophrenia (dopamine hypothesis), based upon three lines of evidence. The first is that healthy subjects taking drugs such as methamphetamine and cocaine that increase dopamine levels in the brain exhibit schizophrenia-like psychotic symptoms (3) . Second, the antipsychotic potencies of neuroleptic drugs correlate with affinities for the dopamine D 2 receptor (4). Third, a large number of postmortem brain studies have suggested increased density of D 2 receptors in the striatum of patients with schizophrenia (5, 6) . A twin study estimated the heritability of schizophrenia as 0.80, suggesting a relatively larger genetic contribution to development of the illness compared to that of other common diseases (e.g., high blood pressure, 0.30; obesity, 0.40 -0.75) (7) . The dopamine D 2 receptor (DRD2) gene is thus a promising candidate for an association with disorder risk. Dopamine D 2 receptors are a class of metabotropic G protein-coupled receptors that are prominent in the vertebrate central nervous system (CNS). It regulates not only the CNS but also the cardio-pulmonary and renal systems (8).
Ser311Cys polymorphism of DRD2
We performed PCR-direct sequencing and singlestrand conformation polymorphism (SSCP) analysis of DRD2 using 50 unrelated Japanese patients with schizophrenia and 110 controls. Patients were diagnosed by two experienced psychiatrists according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-III-R) criteria for schizophrenia. This study was approved by the ethics committee of Tokyo Medical and Dental University. Written informed consent was obtained according to the research protocol from all subjects prior to enrollment in this study.
We detected three nucleotide changes: rs6275, rs6277, and rs1801028. Of these, rs6275 and rs6277 have already been reported and are same-sense polymorphisms resulting in His 313 and Pro
319
, respectively. However, rs1801028 was a novel missense nucleotide change causing an amino acid substitution of cysteine in the place of serine at codon 311 (9) (Fig. 1) . Five of the 110 controls were found to be heterozygous for Ser311Cys. The allele frequency of Cys311 in controls was 0.025, indicating that this variant is polymorphic among Japanese individuals. In comparison, 4 of the 50 schizophrenic subjects were heterozygous for Ser311Cys, with an allele frequency of 0.08. The prevalence of subjects with Cys311 tended to be slightly higher in schizophrenia than in controls, but no significant differences in genotypic or allelic frequencies were apparent. The 4 patients with Cys311 tended to show relatively younger age of onset (21.8 ± 0.9 years) as compared to the 46 patients showing schizophrenia without Cys311 (27.2 ± 1.5 years), although the difference was not significant. Three of the 4 schizophrenia patients carrying Cys311 and 10 of 46 patients who were homozygous for Ser311 showed first-degree family history, indicating that Cys311 is significantly associated with positive family history (χ 2 = 5.42, df = 1, P = 0.019, odds ratio (OR) = 10.8, 95% confidence interval (CI) = 1.01 -115.4) (9).
We next expanded the sample size to 156 patients with schizophrenia and 300 controls to perform an association study. Genotyping was performed using only the polymerase chain reaction (PCR) method; a modified primer was used to create a restriction fragment length polymorphism indicative of the variant gene, introducing an artificial restriction site for AsuI in the Ser311 allele.
We detected 14 Cys311 carriers with schizophrenia, including 3 homozygotes, and 11 controls heterozygous for Cys311. The allele frequency of Cys311 was significantly higher in individuals with schizophrenia than in controls (χ 2 = 9.01, df = 1, P = 0.002, OR = 3.08, 95%CI = 1.42 -6.67) (10) . The homozygotes we found were not offspring of consanguineous marriages. Four (18%) of the 22 parents of heterozygous individuals with schizophrenia had been treated for schizophrenia, compared with 11 (4%) of 284 parents of Ser311 homozygous patients, according to hospital records (χ 2 = 8.96, df = 1, P = 0.002, OR = 5.51, 95%CI = 1.59 -19.1). We also found a significantly high frequency of Cys311 in patients showing disease onset before 25 years of age, with 76 (53%) of 142 homozygous Ser311 and 13 (92%) of 14 Cys311 carriers (χ 2 = 8.04, df = 1, P = 0.004, OR = 11.2, 95%CI = 1.43 -88.6). We assessed total duration of admission as the ratio of total years of admission to years from onset to time of the study. The ratio was 0.67 in Ser311 homozygotes, 0.37 in heterozygotes, and 0.11 in Cys311 homozygotes, suggesting an association of Cys311 with short duration of hospitalization (P < 0.0001, one-way analysis of variance). Symptom severity was measured using the Manchester scale, with incoherence and irrelevance of speech (P = 0.022), flattened, incongruous affect (P = 0.006), and psychomotor retardation (P = 0.045) showing significantly lower scores in Cys311 carriers than in those without this allele (10) . Most patients with Cys311 were classified as showing either catatonic-type or paranoid-type schizophrenia. Features in these patients were consistent with the type I syndrome of schizophrenia proposed by Crow (11) , for which an association with a change in dopaminergic transmission Fig. 1 . Nucleotide sequences for a portion of exon 7 in the DRD2 gene from a subject heterozygous for Ser311Cys (left) and a subject homozygous for Ser311 (right). In addition, these subjects were homozygous for CAC (right) and CAT (left) at codon 313. Reproduced from Ref. 9 with permission. has been suggested.
We again expanded samples to 291 cases of schizophrenia (including 11 postmortem brain samples), 579 controls, and 78 cases of affective disorder in a further case-control study (12) . We assessed clinical symptoms of expanded samples using the Manchester scale. Positive symptoms were assessed by items of delusions and hallucinations, and negative symptoms were assessed by items of poverty of speech, affective flattening, or psychomotor retardation according to the scale. Presence of positive or negative symptoms was defined as a morbid rating (2, 3, or 4) for at least one of these items. Cys311 was found in 15 (18%) of 83 cases of schizophrenia with absence of negative symptoms, representing a significantly higher frequency than the 24 (4.1%) of 579 controls (χ 2 = 25.39, df = 1, P < 0.00001, OR = 5.1, 95%CI = 2.55 -10.1) (12). However, the prevalence of Cys311-positive patients with negative symptoms (9 of 197 patients, 4.5%) was similar to that of controls (χ 2 = 0.01, df = 1, P = 0.89, OR = 1.05, 95%CI = 0.48 -2.31). To evaluate interpersonal aspects of the psychopathology of schizophrenia, present marital status was compared in those patients >30-year-old according to hospital records. Eight (21%) of 38 married patients with schizophrenia and 7 (6.6%) of 106 unmarried patients with schizophrenia carried a Cys311 allele. Of note was the finding that Ser311Cys-positive patients were more frequently married when compared with Ser311Cys-negative patients (χ 2 = 3.25, df = 1, P = 0.01, OR = 3.77, 95%CI = 1.26 -11.2). These data suggest less-severe interpersonal impairment in Ser311Cys-positive schizophrenia, particularly in those lacking negative symptoms (12) .
Our data suggest that Cys311-positive schizophrenia may respond well to treatment and thus shows a lower frequency of negative symptoms and interpersonal impairment. Lane et al. (13) supported the features of the patients with Cys311. They assessed changes in clinical manifestations for 123 patients with schizophrenia, including 12 patients carrying Cys311, over the course of 42 days of treatment with resperidone. Cys311-positive patients showed significant improvements with a larger change in scores for negative symptoms as measured by PANSS (positive and negative syndrome scale) when compared to Cys311-negative patients with schizophrenia.
Patients with affective disorders comprised 34 patients with bipolar disorder, 33 patients with major depression, and 11 patients with dysthymia. Of these, 6 (7.7%) of 78 patients with affective disorders were Cys311 carriers, showing an allele frequency not significantly different compared to controls. However, frequency of the allele was significantly higher in patients showing bipolar disorder with mood-incongruent psychosis as compared to controls (χ 2 = 17.2, df = 1, P = 0.006, OR = 11.5, 95%CI = 2.72 -49.0) (12) . These data suggest that Ser311Cys might be one factor associated with positive symptoms of schizophrenia or other symptomatic dimensions of schizophrenia.
Agonist-induced sequestration of D 2 receptor
Both D 2 receptors and muscarinic receptors are characterized by long third intracellular loops. The third cytoplasmic loops of muscarinic receptors have been indicated to be involved in receptor down-regulation (14) and sequestration (15) . We investigated the effects of Ser311Cys on sequestration of the D 2 receptor, since the variant substitution is located in the middle portion of the third intracellular loop. We stably expressed cDNAs of DRD2 containing Ser311 or Cys311 in CHO (Chinese hamster ovary) cells and examined sequestration as the reversible loss of [ yielding half-maximal effect was estimated to be 930 ± 930 nM for mutant D 2 receptors and 250 ± 150 nM for the wild-type, representing a significant difference (P < 0.05). This was not due to a difference in affinity for dopamine between Ser311-and Cys311-type D 2 receptors, as no differences were identified in affinities to dopaminergic ligands, including dopamine, between these two receptors expressed in COS-7. In these experiments, binding affinity was assessed by the displacement of [ 3 H]sulpiride binding to membrane preparations (data not shown). If the sequestration of D 2 receptors contributes to desensitization (17) , the Cys311-type D 2 receptor will show impaired ability to decrease the response to continuous dopaminergic stimulation, consistent with the dopamine hypothesis.
Al-Fulaij et al. (18) expressed cDNAs of DRD2 with various variations including Ser311Cys in HEK293 or neuronal GT1 cells and determined basal and ligand-induced signaling for each of these receptors compared to wild-type. Significantly higher levels of ropinirole were found to induce maximal effects of D 2 receptor with Cys311 compared to wild-type. These data also support the idea that Cys311 provides hyper-dopaminergic transmission.
Meta-analysis for association of Ser311Cys with schizophrenia
Glatt et al. (19) performed the first meta-analysis for associations of Ser311Cys with schizophrenia using 24 Fig. 3 . Meta-analysis of Ser311Cys of DRD2 (22) . A box shows the odds ratio and a bar indicates the 95% confidence interval. A diamond represents the odds ratio calculated by meta-analysis. published case-control studies (3733 cases, 5373 controls) and reported a significant association with a pooled OR of 1.3 (P = 0.007). Jönsson et al. (20) also supported such an association using 26 studies covering 3506 patients with schizophrenia and 5646 controls (OR = 1.43, P < 0.001). They also detected significant associations using studies with Asian patients (OR = 1.42, P < 0.02) and Caucasian patients (OR = 1.42, P < 0.02). A third meta-analysis by Glatt et al. (21) confirmed an association using 27 published studies, comprising 3707 cases and 5363 control subjects. They reported a significant effect of the Cys allele on schizophrenia risk observed under fixed-effects (OR = 1.38, P = 0.002) and randomeffects (OR = 1.36, P = 0.007) models. Furthermore, they performed a genotype-based meta-analysis and found that homozygotes for Cys311 were not at any elevated risk relative to heterozygotes under either fixed-effects (OR = 1.03, P = 0.95) or random-effects (OR = 0.96, P = 0.94) models. This suggests that the Cys311 allele has a dominant effect on disease risk. SchizophreniaGene (SZGene) database also confirmed the association between the polymorphism and schizophrenia (Fig. 3) (22) .
Conclusion
The Ser311Cys polymorphism in DRD2 was found to be associated with schizophrenia. Patients with the Cys311 allele show a shorter duration of hospitalization, less severe negative symptoms, and higher frequency of being married compared to patients without this allele, suggesting good treatment response. In vitro studies suggest that the Cys311-type D 2 receptor impairs dopamineinduced sequestration, consistent with the dopamine hypothesis.
